Methylene blue USP (MB) at low doses has metabolic-enhancing and antioxidant properties and exhibits experimental neurotherapeutic benefits, but little is known about its in vivo effects on cerebral blood flow (CBF), functional evoked responses, and the associated changes in cerebral metabolic rate of oxygen (CMRO 2 ). This study used magnetic resonance imaging (MRI) to evaluate the in vivo effects of a single intravenous MB therapeutic dose (0.5 mg/kg) on basal CBF, blood oxygenation level-dependent (BOLD) and CBF responses to hypercapnic (5% CO 2 in air) inhalation, as well as changes in BOLD, CBF, and CMRO 2 during forepaw stimulation in the rat brain. MB did not have significant effects on arterial oxygen saturation, heart rate and fMRI responses to hypercapnia. However, MB significantly potentiated forepaw-evoked BOLD and CBF changes under normoxia. To further evaluate in vivo effects of MB under metabolic stress conditions, MRI measurements were also made under mild hypoxia (15% O 2 ). Hypoxia per se increased evoked functional MRI responses. MB under hypoxia further potentiated forepaw-evoked BOLD, CBF and oxygen consumption responses relative to normoxia. These findings provide insights into MB's effects on cerebral hemodynamics in vivo and could help to optimize treatments in neurological diseases with mitochondrial dysfunction and oxidative stress.
Introduction
Methylene blue USP (MB) is a unique auto-oxidizing pharmaceutical drug that has a hormetic dose-response with opposite effects at low and high doses (Rojas et al., 2012) . At its therapeutic intravenous low doses (0.5-2 mg/kg), MB is an antidote for methemoglobinemia and cyanide poisoning and has potent antioxidant effects (Rojas et al., 2012; Scheindlin, 2008) . However, at high intravenous doses (>10 mg/kg) MB produces methemoglobinemia and oxidative stress (Bruchey and Gonzalez-Lima, 2008) . Low doses of MB improve brain cytochrome c oxidase activity and behavioral memory functions (Gonzalez-Lima and Bruchey, 2004; Martinez et al., 1978; Riha et al., 2005; Wrubel et al., 2007) , whereas high doses are detrimental (Martinez et al., 1978; Riha et al., 2005) . MB has recently been shown to have multiple experimental therapeutic benefits to reduce neurobehavioral impairment in animal models of Parkinson's Disease (Ishiwata et al., 2006; Rojas et al., 2012) , cognitive decline in Alzheimer's animal models (Medina et al., 2010; O'Leary et al., 2010; Oz et al., 2009) , and reperfusion injury in cerebral ischemia in rodent stroke models (Wen et al., 2011 ) (see reviews (Rojas et al., 2012; Scheindlin, 2008) ).
Low-dose MB readily crosses the blood-brain barrier, accumulates in brain mitochondria, and has metabolic-enhancing and antioxidant properties because it forms a reversible reduction-oxidation system with auto-oxidizing capacity (Bruchey and Gonzalez-Lima, 2008) . Low-dose MB has redox recycling properties in that it acts as an electron cycler and facilitates electron transfer in the mitochondrial electron transport chain by accepting electrons from NADH and transferring them to cytochrome c, bypassing complex I-III (Clifton and Leikin, 2003) . MB thus enhances or sustains ATP production in cells (Lindahl and Oberg, 1961; Scott and Hunter, 1966; Zhang et al., 2006 ) and brain oxygen consumption in vitro (Riha et al., 2005) . In bypassing complex I-III to generate ATP, MB also minimizes free radical production in the mitochondrial electron transport chain. This could have positive effects under metabolically stressed conditions (i.e., ischemic brain injury) where excess free radicals may lead to cellular damage and cell death. While MB mechanisms of action are well studied in vitro, the effects of MB on basal cerebral blood flow (CBF), neurovascular coupling, functional activations and oxygen consumption changes due to evoked responses in the in vivo brain remain unknown.
Magnetic resonance imaging (MRI) has been widely used to study quantitative basal CBF, neurovascular coupling and evoked responses under normal conditions and in neurological diseases in vivo. CBF can be measured non-invasively using the continuous arterial spin labeling technique (Detre et al., 1992; Duong et al., 2000) that yields quantitative classical units of ml/g/min and allows longitudinal cross-subject comparisons. Neural activity is intricately coupled to CBF (Roy and Sherrington, 1890) . When a task is performed, regional neural activity increases resulting in regional CBF increase. Such increase is disproportional in that it overcompensates the needed oxygen supply, resulting in increased regional oxygen tension. Thus, blood oxygen level-dependent (BOLD) functional MRI (fMRI), which is sensitive to changes in magnetic field inhomogeneity induced by paramagnetic deoxyhemoglobin in red blood cells (Ogawa et al., 1990) , can be used to map brain function in a non-invasive manner (Bandettini et al., 1992; Kwong et al., 1992; Ogawa et al., 1992) . Moreover, since the BOLD fMRI signal is dependent on CBF and oxygen metabolism, BOLD fMRI data can be used to estimate the cerebral metabolic rate of oxygen consumption (CMRO 2 ) (Davis et al., 1998; Liu et al., 2004; Sicard and Duong, 2005) .
The goal of this study is to use MRI to evaluate the effects of a single intravenous MB therapeutic dose on basal CBF, BOLD and CBF responses to hypercapnic (5% CO 2 ) challenge, and BOLD, CBF, and CMRO 2 responses to forepaw stimulation in the in vivo rat brain. To further evaluate the effects of MB under stress conditions, similar measurements were also made under mild hypoxia (15% O 2 ). Knowledge of MB's effects on the underlying hemodynamic and evoked fMRI responses in vivo could improve understanding of MB's neurotherapeutic effects and optimize treatments.
Methods

Animal preparation
Animal experiments were performed in accordance with the ARRIVE guidelines on ethics and were approved by the Institutional Animal Care and Use Committee (IACUC). Male Sprague-Dawley rats (200-300 g, n = 10 under normoxia (21% O 2 ), and n = 6 under hypoxia (15% O 2 )) were initially anesthetized with 2% isoflurane, intubated, mechanically ventilated, and paralyzed with pancuronium bromide (3 mg/kg first dose, 1 mg/kg/h, ip). A femoral artery was catheterized with PE-50 tubing. Needle electrodes were inserted under the skin of the forepaws. Rats were secured in a MR-compatible rat stereotaxic headset. Anesthesia was reduced to 1.1-1.2% isoflurane. Rectal temperature was monitored and maintained at 37.0 ± 0.5°C throughout. Heart rate (HR) and oximetry were recorded continuously.
The experimental design is outlined in Fig. 1 . MRI measurements were made with vehicle and USP pharmaceutical grade MB (American Regent Inc, Shirley, NY) (intravenous 0.5 mg/kg, over 5 min) injection in the same animals. The effect of MB is expected to last a few hours (Peter et al., 2000) . Hypercapnic challenge was 2 min air, 3 min 5% CO 2 (in air) inhalation followed by 5 min air (one repetition). 5% CO 2 was chosen because it is widely used in the animal literature for similar studies (Liu et al., 2004; Mandeville et al., 1998; Sicard and Duong, 2005) . Bilateral forepaw stimulation used 4 epochs (96 s OFF and 30 s ON) of 2 mA, 8 Hz and 1 ms pulse with the two forepaw stimulated in series (Liu et al., 2004) . Four repeated trials were made for each condition on each animal. Breaks of~15 min were given between trials. Hypercapnic challenge was not studied in the hypoxia group.
MR experiments
MRI experiments were performed on a 7-T/30-cm magnet with a Biospec Bruker console (Billerica, MA), and a 40-G/cm gradient insert (ID = 12 cm, 120-μs rise time). A surface coil (2.3-cm ID) was used for brain imaging and a neck coil (Duong et al., 2000; Shen et al., 2005; Silva et al., 1999) for perfusion labeling. Coil-to-coil electromagnetic interaction was actively decoupled.
Combined CBF and BOLD measurements were made using the continuous arterial spin-labeling technique (Duong et al., 2000; Shen et al., 2003) with single-shot, gradient-echo, echo-planar-imaging (EPI) acquisition. Paired images were acquired alternately−one with arterial spin labeling and the other without (control). MRI parameters were: TR=3 s, TE=20 ms, matrix=96×96, and FOV=25.6×25.6 mm.
Data analysis
Data analysis employed codes written in Matlab (MathWorks Inc, Natick, MA) and the STIMULATE software (University of Minnesota). Repeated CBF measurements of the same condition in each animal were averaged. BOLD images were obtained from non-labeled images of the CBF measurements. CBF images (S CBF ) with intensities in ml/g/min were calculated at each time point (Duong et al., 2000; Shen et al., 2003) . Cross-correlation analysis was performed on the BOLD and CBF data sets to obtain percent-change activation maps.
For quantitative analysis, percent changes were evaluated using region-of-interest (ROI) analysis. ROIs enclosing the primary (6×6 pixels) somatosensory cortices were drawn on the averaged cross-correlation BOLD and CBF activation maps, with reference to anatomy and brain atlas (cross-correlation coefficients of the BOLD and CBF activation maps were similar). CMRO 2 changes due to forepaw stimulation from the ROI data were calculated using the biophysical BOLD model (Davis et al., 1998) as described elsewhere (Liu et al., 2004) with α of 0.38 (Grubb et al., 1974; Mandeville et al., 1999) and β of 1.5 (Boxerman et al., 1995; Davis et al., 1998) used, which were taken to be constants that reflect the effect of blood volume and deoxyhemoglobin concentration to the BOLD signals, respectively. Potential errors in β and α values scaled proportionally the CMRO 2 changes of both pre and post MB but did not affect the relative differences between pre-and post-MB. M value, the proportionality constant that reflects the maximum BOLD responses in the biophysical BOLD model, was calculated from the hypercapnic experiments.
Values in text and in graphs are mean ± SEM. Statistical tests were performed using paired t-test for between pre-and post-MB (same animals) and unpaired t-test for between normoxic and hypoxic conditions (different animals) with P b 0.05 indicating statistical significance.
Results
Arterial oxygen saturation and heart rate were not statistically different (P > 0.05) between pre-and post-MB under both normoxia and vehicle blood gas blood gas blood gas blood gas blood gas blood gas Fig. 1 . Schematic of the experimental design. The measurements are basal CBF, fMRI associated with CO 2 challenge, and fMRI of forepaw stimulation. Vehicle was injected first followed by MB in the same animals. The reverse was not possible because MB has sustained effects.
hypoxia. Arterial oxygen saturation and heart rate were statistically different between normoxia and hypoxia (P b 0.05) (see Table 1 ). Fig. 2 shows the group-averaged maps of basal CBF, CBF and BOLD fMRI responses to 5% CO 2 challenge and to forepaw stimulation before and after MB. CBF images showed heterogeneous blood flow contrast with high CBF in gray matter relative to white matter. fMRI responses to 5% CO 2 challenge were relatively uniform with higher changes in the neocortical regions and smaller changes in most subcortical structures and the corpus callosum. fMRI responses to bilateral forepaw stimulation were localized to forepaw primary somatosensory cortex (S1) as expected. These results are consistent with those reported previously (Bardutzky et al., 2005; Schmidt et al., 2006; Shen et al., 2004a; Shen et al., 2004b; Sicard et al., 2003) .
The group-averaged CBF and BOLD fMRI responses to 5% CO 2 challenge from the S1 ROIs were not statistically different (P> 0.05) between before and after MB under normoxia (Fig. 3) . The calculated M values from the S1 ROIs were not statistically different before and after MB (7.1± 0.7 % versus 7.2± 0.4%, P> 0.05). Fig. 4 shows the group-averaged results of basal CBF, CBF, BOLD and CMRO 2 fMRI responses to forepaw stimulation before and after MB under normoxia. These data, including basal CBF, were obtained from the S1 ROIs. MB increased basal CBF slightly but not significantly (P> 0.05). Forepaw-evoked CBF and BOLD responses were statistically different between pre-and post-MB (Pb 0.05). The CMRO 2 increases due to forepaw stimulation were not statistically different between pre-and post-MB under normoxia (P> 0.05).
Similar data under hypoxia (15% O 2 ) are shown in Fig. 5 . These data, including basal CBF, were obtained from the S1 ROIs. Under hypoxia, post-MB basal CBF was statistically different (higher) from pre-MB CBF (Pb 0.05), in contrast to normoxia. All CBF, BOLD and CMRO 2 evoked responses post-MB were statistically different (higher) from pre-MB (P b 0.05).
By comparison, basal CBF was slightly lower during hypoxia compared to normoxia, but was not statistically different for both pre-MB (P>0.05) and post-MB (P>0.05). BOLD, CBF and CMRO 2 fMRI responses under hypoxia were statistically different (higher) from those under normoxia for both pre-MB (Pb 0.05) and post-MB (Pb 0.05), except the BOLD responses post-MB (P>0.05).
Discussion
This study investigated basal cerebral blood flow, neurovascular coupling, functional activations and oxygen consumption changes in the brain in vivo following acute MB administration. A therapeutic low dose of MB does not appear to have significant effects on cerebrovascular responses to hypercapnia but markedly potentiates evoked fMRI responses and oxygen consumption changes. Hypoxia per se increases stimulus-evoked fMRI responses. MB under hypoxia further potentiates fMRI responses and oxygen consumption changes.
MB has a low toxicity profile at 0.5-1 mg/kg with no reported negative effects in both rats and humans (O'Leary et al., 2010; Oz et al., 2009; Wen et al., 2011) , but showed adverse effects at high doses (> 10 mg/kg) in vivo as would be expected from its hormetic doseresponse (Bruchey and Gonzalez-Lima, 2008; Rojas et al., 2012) .
MB reaches its maximum concentration in blood by 5 min after intravenous administration in humans (Peter et al., 2000) . Moreover, MB is trapped with concentrations 50 times higher in the brain than in the circulation one hour after intravenous administration in rats (Peter et al., 2000) . The half-life of MB in blood after intravenous administration is 5.25 h in humans (Peter et al., 2000) . Similar half-life data in rats are not yet available.
Normoxia
We found MB at 0.5 mg/kg had no significant effects on hypercapnic responses, suggesting MB has no significant effects on vascular reactivity at this dosage. MB also had no significant effects on the M value, corroborating the absence of significant cerebrovascular responses to hypercapnia. At higher doses, MB can interact with nitric oxide synthase and produce cardiovascular effects (Rojas et al., 2012) . For example, the vascular dose-response to MB follows a hormetic inverted-U curve, with an intermediate dose (3 mg/kg) improving systemic and pulmonary vascular resistance, compared to little vascular effects with a lower dose (1 mg/kg) or a higher dose (7 mg/kg) (Juffermans et al., 2010) .
Basal CBF, which reflects basal metabolism, was higher after MB but did not reach statistical significance (P=0.18) at this dosage and sample size, consistent with previous in vitro studies showing MB stimulates cell glucose uptake (Louters et al., 2006 ) and brain tissue oxygen consumption (Riha et al., 2005) . A recent in vivo study also found that MB increased in cerebral glucose consumption in rats using PET (Lin et al. 2012) . MB significantly enhanced stimulus-evoked CBF and BOLD fMRI responses, suggesting that MB potentiates evoked responses in addition to its effect on basal conditions. This novel finding in vivo is consistent with two previous studies that have documented enhancing effects of MB on evoked neural responses, mapped by quantitative cytochrome oxidase histochemistry ex vivo (Gonzalez-Lima and Bruchey, 2004; Riha et al., 2011) . Such enhanced potentiation of increased neural activity could be one of the mechanisms that accounts for memory and performance enhancement widely reported in the MB literature (see review (Rojas et al., 2012; Scheindlin, 2008) ) in that MB provides energy substrates to enhance neural evoked responses.
Hypoxia
Mild hypoxia per se decreased basal CBF relative to air (from 0.91 to 0.85 ml/g/min), but did not reach statistical significance. Such mild CBF reduction suggests that basal metabolism was slightly reduced. A previous report under more severe hypoxic conditions with similar experimental conditions and with isoflurane anesthesia found that 12% O 2 decreased CBF relative to air (from 1.1 to 0.9 ml/g/min) (Duong, 2007; Sicard and Duong, 2005) .
The effect of hypoxia on oxygen consumption changes during stimulation is of significant interest from the perspective of energy metabolism per se as well as its clinical relevance to hypoxic injury and cerebral ischemia. We found that CBF, BOLD and CMRO 2 forepaw-evoked fMRI responses were significantly higher during hypoxia relative to air, suggesting that the brain uses more oxygen to perform the same task under hypoxia. Although hypoxia lowered basal oxygen saturation and thus reduced the denominator, it could not account for the substantially larger BOLD fMRI responses to forepaw stimulation. The larger increases in CBF fMRI responses under hypoxia showed that the evoked BOLD responses are driven in large part by stimulus-evoked CBF increases as a result of increased neural activities. Our findings are consistent with a previous study (Sicard and Duong, 2005) which reported higher evoked CMRO 2 changes under hypoxia. Hyperoxia, by contrast, has been reported to decrease evoked oxygen consumption (Sicard and Duong, 2005 It is conceivable that MB could have a stronger effect under stress conditions where energy substrates are limiting. We thus tested the hypothesis that MB has a stronger effect under mild hypoxic (not ischemic) conditions. Comparison between normoxia and hypoxia data shows that MB under hypoxia induced a larger potentiation of the forepaw-evoked responses and oxygen consumption increases compared to normoxia. Such enhanced potentiation during hypoxia could be one of the mechanisms that accounts for MB's neuroprotective effects in metabolically stressed conditions reported in the literature (see review (Rojas et al., 2012) ). For example, the higher the metabolic demand for oxygen consumption, the higher the respiratory chain electron flow produced by MB's electron cycling action in mitochondria (Rojas et al., 2012) . Therefore, MB's effects during hypoxia may potentiate fMRI responses by further increasing mitochondrial electron transport. We predict that more severe (i.e., 9-12% O 2 ) hypoxia could evoke a larger MB effect.
The novel finding of MB's greater potentiation of evoked fMRI responses under hypoxia is in agreement with previous MB studies. For example, MB can stimulate glucose metabolism in anoxic conditions in vitro (Lee and Urban, 2002) . MB can also prevent brain damage induced by hypoxia-reperfusion injury after cardiac arrest, as shown by a decrease in the plasma level of the astroglial marker of hypoxic brain injury (protein S-100Beta) (Miclescu et al., 2006) .
These findings agree with the proposed pharmacological action of MB on brain energy metabolism (Bruchey and Gonzalez-Lima, 2008) and neuroprotection (Rojas et al., 2012) . Specifically, the local distribution of MB is determined by the electrochemical gradients formed inside intracellular compartments, especially within mitochondria during the electron transport chain (Rojas et al., 2012) . Within mitochondria, MB acts as an artificial electron cycler that at low MB concentrations can enter a reversible redox cycle (Rojas et al., 2012) . It is well established that reduced MB can donate electrons to electron carriers in the mitochondrial electron transport chain, thereby increasing cytochrome oxidase activity and oxygen consumption and promoting neuroprotection under metabolically stressed conditions (Riha et al., 2005 (Riha et al., , 2011 Scott and Hunter, 1966; Zhang et al., 2006) .
Brain regions that are more affected by MB would seem to depend on regions that have higher activity-dependent energy demand (i.e., localized effects). For example, memory tasks that evoke greater energy demand in the prefrontal cortex, such as extinction memory, show activation specificity after MB (Gonzalez-Lima and Bruchey, 2004) . Rats with MB-enhanced extinction memory show relatively greater increases in cytochrome oxidase activity in prefrontal cortical regions thought to contribute to extinction memory than in other regions (Gonzalez-Lima and Bruchey, 2004) . Similarly, after MB administration, forepaw stimulation results in an even greater fMRI activation of the somatosensory cortex.
Together these findings suggest that the effects of low-dose MB are not mediated by a global enhancement of brain metabolism but occur in a use-dependent fashion. This use-dependent specificity leads to MB preferential potentiation of regions with a higher metabolic demand although the brain bioavailability and distribution of MB has the potential to be homogeneous. Therefore, cortical regions with the largest metabolic energy demands in an activation task such as forelimb stimulation show the largest increases in evoked CBF and BOLD responses, and those activated regions benefit the most from the metabolic-enhancing effects of MB.
Conclusions
This study investigated the effects of low-dose MB on basal cerebral blood flow, neurovascular coupling, functional activations and oxygen consumption changes due to forepaw stimulation in the rat brain during normoxia and hypoxia. These findings have implications in neurological conditions with mitochondrial dysfunction and oxidative stress, such as Alzheimer's and Parkinson's diseases, normal aging, cerebral ischemia and ischemic reperfusion injury. Future studies will evaluate ATP synthesis rate, glucose consumption and lactate production in vivo in acute and chronic MB administration, and in association with cerebral ischemia. MB is approved for human use at its therapeutic low doses. Clinical trials for additional indications can be readily explored and MRI has the potential to offer longitudinal evaluation of MB treatment efficacy. 
